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Local Regulation of Digital Blood Flow in Generalized Scleroderma 
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University of Copenhagen Department of DermQtology, Rigshospital, Copenhagen, Denmarh 
A decreasing reactivity of the vascular bed upon 
changes in vascular transmural pressure and changes in 
arterial perfusion pressure head was observed from 
hand to fingers and from subcutis to cutis in patients 
suffering from generalized scleroderma. These findings 
are expressions of deteriorating vascular smooth muscle 
function. The reactive hyperemia response was de-
creased in subcutaneous as well as cutaneous tissue in 
patients fingers and in 4 of 7 patients the response was 
absent from the finger tip. The reactive hyperemia re-
sponse of the patients resembled responses obtained in 
normal fingers during decrease in local perfusion blood 
pressure, during local cooling or after infiltration of 
norepinephrine around the digital arteries. This implied 
an increased digital artery resistance in generalized scle-
roderma. A positive feedback loop between cooling, in-
crease in digital artery resistance, increase in blood 
viscosity and a passive vascular bed is proposed as an 
i:rnportant factor in Raynaud's phenomenon. 
Failure of sympathectomy and sympatholytics in the treat-
ment of Raynaud's phenomenon in generalized scleroderma, 
together with morphological and functional evidence, seems to 
contradict sympathetic hyperactivity as a major factor and to 
stress structural changes of blood vessels as the most important 
component in the vasomotor phenomena observed in response 
to cooling of the patients [2,3]. 
In a previous study it was demonstrated that, after vascular 
occlusion, maximum blood flow was severely depressed in cu-
taneous tissue in fingers in generalized scleroderma. When the 
patients were warmed, the maximum blood flow increased 
significantly and the dUl'ation decreased [12]. The observed 
increase in the maximum blood flow during warming was of an 
order of magnitude which could not be accounted for by a 
decrease in blood viscosity, a fact which renders it unlikely that 
a decrease in capillary density can be the sole explanation of 
the abnormalities observed. Other factors, which may partici-
pate, include (1) decreased distensibility of resistance vessels; 
(2) decreased local arterial perfusion pressure; and (3) func-
tional changes of vascular smooth muscle cells. 
Previous studies have indicated that local arterial perfusion 
pressure is reduced in fingers of the patients [13]. In other 
studies it was observed that local mechanisms underlying blood 
flow regulation in cutaneous and subcutaneous tissue of the 
dorsum of the hand was abnormal in generalized scleroderma 
[5,6]. Indicating that blood flow in cutaneous tissue on the 
dorsum of the hand in generalized scleroderma depends almost 
entirely on the ruterial perfusion pressure head and that the 
normal resetting of pre- to postcapillary resistance ratio during 
increases in vascular transmural pressure is abolished. This was 
interpreted as a combination of vascular smooth muscle dys-
function and defective transmission in the sympathetic nervous 
system. The present study was undertaken to investigate if the 
clinical impression of increasingly severe skin changes from 
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hand to fingers in these patients was reflected in a decreasing 
reactivity of vascular smooth muscle cells. 
PATIENT POPULATION AND EXPERIMENTAL 
CONDITIONS 
Informed consent was obtained before each experiment. 
Twenty-eight patients suffering from generalized scleroderma 
of the acrosclerosis type were investigated. Ages ranged from 
26 to 75, disease duration from 2 to 15 years. All had a history 
of Raynaud's phenomena and all had evidence of previous or 
present ulcerations of fingertips. Normal persons aged 35 to 63 
years served as controls. 
During the experiment, room temperature was kept constant 
at 24 ° ± 1°C. 
In 5 patients, local heating of finger skin to 36°C was obtained 
by infrru'ed lamps. During this procedure, room temperature 
rose to 25°C. 
Skin temperatures at the apex of the finger were recorded at 
intervals during the experiments. Skin temperatures in normals 
were 31 ° ± 1°C (N = 8) and in the patients 26° ± 1°C (N = 7) , 
at an environmental temperature of 24 ° ± 1 ° C. 
METHODS 
The fo Uowing experiments were performed: 
A. Blood flow in subcutaneous tissue on the dorsum of the proximal 
phalanx was estimated by the local '3"Xenon washout technique [7). 
Subcutaneous injections of 0.1 ml'3JXenon dissolved in sterile isotonic 
saline was performed 30 to 60 min before the experiments started in 14 
patients and in 7 normals. The subjects were placed sitting and a single 
study consisted of measurement of '''''Xenon washout rate constants 
(k), (1) with the finger at heart level (kl,cr.I)); (2) with the finger lowered 
40 cm (k ll )) ; (3) at heart level (kl,er.2)) ; (4) elevated 20 cm (kid); and 
fmally at heart level (kl,er.3) ). At each level, measurement lasted about 
5 min. 
B. A miniature blood pressure cuff was placed immediately proximal 
to the '""Xenon depot in 9 patients and 6 normals. '""Xenon washout 
rate constant (kll"".chcmic)) was recorded dW'ing 5 min. The cuff was then 
inflated to 300 mm Hg for 6 min, then suddenly deflated while );]"Xenon 
washout was recorded for a further 15 min during which the hyperemia 
period and the return to resting flow levels (kl,~" h.v .. crcmic) ) was observed. 
C. In 5 patients, subcutaneous injections of '''''Xenon was also per-
formed on the dorsum of the hand and protocol A was performed as for 
the fingers. . 
D. In 7 patients and 6 normals, the epicutaneous atraumatic labeling 
technique [14] was performed on a skin area i.mmediately proximal to 
the nail fold of the left or right third finger. Measurement of washout 
started immediately following labeling (1) at heart level (kl",r.,)) (2) 
lowered 40 cm (k(l,)) and at heart level (klrcr.2)). If sufficiently high, 
'3:IXenon activity made it possible, the sequence was repeated with the 
same depot. Measurement at each level lasted about 2 min. In 2 
hemisympathectomized patients, one finger of each hand was investi-
gated. 
E. It was observed that '33Xenon washout curves following epicuta-
neous application of '''Xenon to finger tips (pulps) were monoexponen· 
t ial and exhibited a fast washout rate at ambient temperatures of about 
24 °C (Fig 1). Vascular occlusion was unable to stop '33Xenon washout 
completely (Fig 2). As during vascular occlusion an airtight mylar 
membrane glued to the skin over the labeled area was able to stop t he 
washout; this indicated that the epidermal diffusion barrier for ';)3Xenon 
is physiologically defective in the region under study. Washout curves 
must be corrected for this error [14). 
A skin area, 1 cm or less in diameter, at the apex of the finger was 
labeled with J:13Xenon using the atraumatic epicutaneous labeling tech· 
nique [15). 
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FIG 1. Undisturbed '''''Xenon washout curves from one patient (open. 
circles) and one normal at different skin temperatures (closed circles). 
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FIG 2. Reactive hyperemia curve from a normal finger tip. Washout 
remained monoexponential, also following hyperemia. k(pi): preischemic 
washout rate constant. h(ph): posthyperemic washout rate constant. 
Note that washout can be observed during vascular occlusion. 
Measurement of '''''Xenon washout was started immediately after 
labeling. The procedure was as for protocol B. The count rates, cor-
rected for background activity, were plotted on semilogarithmic paper 
versus time. In 3 normals and 3 patients, undisturbed washout curves 
were obtained, of which an example is shown in Fig l. 
F. In 3 normals, further control experiments were performed: (a) 
elevation of the finger to distances of 45, 70 and 75 cm above heart 
level; (b) local cooling of a finger in a water bath at 23°C during vascular 
occlusion; (c) the effect of norepinephrine infIltrated around the digital 
arteries at the base of the fmger (2 ml, 10 microgram norepinephrine) 
with or without local heating was observed in 1 normal person; (d) in 
3 normals, the effect of vascular occlusion applied to the upper arm 
was compared to the effect of vascular occlusion of the finger . 
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Calculations and Statistics 
Mean perfusion coefficient, f, can be calculated from the re-arranged 
Kety-formula [10]: f = k . A • 100 ml/ 100 g . min, where k denotes the 
washout rate constant in min- ' and A the cutaneous or subcutaneous 
tissue to blood partit ion coefficient in ml/g. For the same radioactive 
depot, where A remains constant, relative blood flow equals relat~ve 
' ''''Xenon washout rate. R elative '''''Xenon washout rate during lowenng 
~as calculated as K(I)/k(,eO and during elevation as k(e);k (ceO, where 
k(ceo is the mean value of the washout rate constants measured at 
reference level immediately before and after the test value. As the 
tissue to blood partition coefficient (A) is unknown for subcutaneous 
t issue, reactive hyperemia curves were also interpreted in relative 
terms. The maximal washout rate constant k(m",) obtained imm~diate ly 
after release of the cuff was expressed as k(m",)/k (ce"" where k (re") is 
(k(pn!iJK: hcm i ~) + k (PoHthy percmk) • 1/1. 
Calculation of Blood Flow in Finger Tips 
A washout curve from one normal subject is shown in Fig 2, The 
following parameters were calculated from the curves: 
1. Preischemic blood flow (f(p;») was calculated from the preischemic 
part of the washout curve according to the formula f(pl) = (k(pl) - kh») 
. A • 100 (ml/l00 g . min) (8), where kIp;) and kl;) is the washout rate 
constant (min- ') before and during vascular occlusion, respectively, and 
A the cutaneous tissue to blood partition coefficient in ml/g. A partition 
coefficient for '''"Xenon of 0.7 ml/g was used [7]. 
2. Maximum blood flow (flm",») was calculated from the initial steeper 
part of the washout curve following release of the cuff (flm",) = (k(m,,') 
- kh») . A • 100 (ml/100 g . min)) . 
3. Duration of hyperemia was taken as the time elapsed from release 
of the cuff until the retropolated posthyperemic washout curve crosses 
the anteropolated maximum washout curve (Fig 2). 
4. Relative repayment was calculated as previously described 
[3,10] , viz. excess cumulat ive blood flow during hyperemia, divided by 
blood flow deficit, calculated as the product of flp;, and the duration of 
vascular occlusion. 
Washout rate constants (k) ~ere computed from the recorded count-
ing activity, corrected for background activity, followed by logarithmic 
transfo rmation, as a function of time according to the "least square" 
method. Statistical tests for significance included Student's t-test for 
paired samples and the randomization test for unpaired samples. As a 
limit of significance was chosen 0.05. 
RESULTS 
In subcutaneous tissue of the proximal fmger phalanx, rela-
tive blood flow decreased during lowering in normals (0.76 ± 
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FIG 3. R elative changes in '''''Xenon washout rate constant ± 1 SE 
during elevation and lowering. Subcutaneous tissue of the dorsal aspect 
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FIG 4. Relative changes in 1""Xenon washout rate constant ± 1 SE 
during elevation and lowering. Subcutaneous tissue of the dorsum of 
the hand as compared to the dorsum of a finger in scleroderma patients. 
0.03 SEM, N = 6), but increased to 1.09 ± 0.04 SEM (N = 14) 
in the patients. This difference was significant (p < 0.01). 
During elevation, blood flow remained almost constant in nor-
mals (0.98 ± 0.03 SEM, N = 3), but a decrease was observed in 
the patients (0.90 ± 0.04 SEM, N = 10, P < 0.05) (Fig 3) . 
In 5 patients, who were investigated in subcutaneous tissue 
on the dorsum of the hand and the dorsum of the finger, 
lowering caused a decrease of relative blood flow on the dorsum 
of the hand (0.91 ± 0.07 SEM) , while an increase was observed 
on the finger (1.18 ± 0.06 SEM, p < 0.05). During elevation, 
blood flow remained constant on the hand (1.00 ± 0.02 SEM, N 
= 3), while a decrease was observed on the finger (0.81 ± 0.04 
SEM, N = 4) (Fig 4). 
In subcutaneous tissue of the proximal finger phalanx, rela-
tive maximal washout rate constant (k(m.x) was significantly 
decreased in the patients (p < 0.001), while the duration of the 
hyperemia period was prolonged (p < 0.001). "Relative repay-
ment" was 57.2 ± 10.5 SEM percent in normals and 40.0 ± 4.8 
SEM percent in the patients (p > 0.1) (Fig 5). 
In cutaneous tissue of the finger, relative blood flow of 
normals decreased during lowering (0.67 ± 0.02 SEM), while an 
increase was observed in the patients (1.19 ± 0.10, p < 0.01) 
(Fig 6) . . 
In 2 hemisympathectomized patients, the findings were al-
most identical when comparing the sympathectomized to the 
nonsympathectomized limb (Fig 7). In one severely affected 
patient, blood flow increased constantly by about 60% during 
lowering of both limbs, while in one early case, blood flow 
remained almost constant during lowering of both the sympa-
thectomized and the nonsympathectomized limb. The starch-
iodine sweat test failed to show sweat secretion in any of the 
areas investigated in both patients in spite of thorough heating 
with heat lamps. 
The Finger Tip Epidermal Diffusion Barrier for 133Xenon 
At 24°C 1JaXenon washout constant during vascular occlusion 
(k(i)) was 0.048 ± 0.007 in normals and 0.017 ± 0.004 in the 
patients (p < 0.01). During warming, k(i) in the patients in-
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creased to 0.034 ± 0.005 (N = 5). This increase was significant 
(p < 0.01) whereas k i in patients during warming was not 
significantly different from the results in normals (p > 0.05) . 
Finger Tip Preis chemic Blood Flow (f(.riJ 
In normals, resting blood flow at 24°C room temperature was 
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FIG 5. Relative increase in 1""Xenon washout rate ± 1 SE arid 
duration of the hyperemia period following vascular occlusion for 6 
min. A smaller increase is compensated by a prolongation of the 
hyperemia period. . 
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FIG 6. Relative changes in "" Xenon washout rate constant ± 1 SE 
during lowering. Distal finger phalanx just proximal to -the nail fold. 
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under the same conditions 3.4 ± 0.8 SEM ml/ 100 g . min (N 
= 7) (p < 0.001) . During warming of the patients, preischemic 
blood flow increased to 10.2 ± 2.7 SEM ml/lOO g . min (N = 5) 
(p < 0.05). This increase was significant. During warming, 
preischemic blood flow of the patients was not significantly 
different from preischemic blood flow values obtained in nor-
mals (p > 0.9) . 
Finger Tip Maximum Blood Flow (f(m(lxJ 
It was impossible to evoke a hyperemic reaction in 4 of 7 
patients, a finding which correlated with disease duration and 
severity. Fig 8 illustrates the findings in 5 of the patients, 2 of 
which did not exhibit hyperemia, but did show an increase in 
resting blood flow during warming. In 3 patients with a disease 
duration of 2 to 3 yr, hyperemia was observed. In these 3 
patients f(mux) increased and the duration of hyperemia de-
creased during warming. Mean f(rnux) in normals was 70.7 ± 1.7 
SEM ml/lOO g . min (N = 8), and in the patients 31.8 ± 9.3 
SEM ml/ 100 g . min during warming (N = 5) (p < 0.001), and 
7.07 ± 2.7 SEM ml/ 100 g . min (N = 7) (p < 0.001) at 24°C. 
Even in the earliest cases and during warming f(max) never 
reached normal levels (Fig 8 and 9), but the increase was 
significant (p < 0.05) . 
Effect of a Decrease in Arterial Perfusion Pressure in 
Normal Fingers 
Three normals were investigated, during decrease in perfu-
sion pressures of about 33, 50 and 55 mm Hg as judged from 
the column of blood during elevation of the arm (Fig 9 and 10) . 
Preischemic and posthyperemic blood flow, maximum blood 
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FIG 7. Relative changes in '''''Xenon washout rate constant ± 1 SE 
during lowering in 2 patients on which unilateral sympathectomi had 
been performed more than 2 yr before the experiments. The results on 
2 sides were almost equal. In one patient, the cutaneous vascular bed 
seemed to react completely passive to changes in transmural pressure. 
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FIG 8. Corrected values of k lpl ) and k lm".T) in normals and in 5 of the 
patients. In the patients, corrected values of k lpll and him",) obtained 
during warming is also known. Mean values are shown together with 
standard errors of the mean indicated by bars. 
flow, duration of hyperemia, and repayment remained almost 
constant, when the arm was elevated by 45 cm. Further eleva-
tion caused an abrupt decrease in posthyperemic blood flow 
and maximum blood flow, but an increase in duration of hyper-
emia. Repayment increased from 60 ± 6.3 SEM percent at 
heart level to 74 ± 9.0 SEM percent at 45 cm to 130 ± 24.0 
percent a t 70 cm. When the arm was elevated further, blood 
flow decreased to unmeasurable levels and a hyperemic reaction 
could not be observed. 
Local Cooling of Normal Fingers to 23°C (N = 3) 
Maximum blood flow was decreased to 36.3 ± 0.9 SEM mI/ 
100 g . min, and the duration was increased from 0.48 ± 0.04 
min at 32°C to 1.03 ± 0.03 min at 23°C. Posthyperemic flow 
was 11.0 ± 1.8 ml/100 g . min. 
Local Injection of Norepinephrine Around the Digital 
Arteries 
This caused a temperature drop at the apex of the finger 
from 32°C to 28°C 15 min after the injection. Preischemic blood 
flow was 3.9 ml/lOO g . min, maximum blood flow was 16.2 mIl 
100 g . min, and duration of hyperemia 1.48 min. Warming of 
hand and fingers to a skin temperature of about 36°C caused a 
. drop in blood flow to unmeasurable levels and a hyperemia 
reaction could not be demonstrated. During sudden cooling of 
hand and all fmgers, except the measuring area, blood flow re-
appeared. 
Hyperemia in Finger Tips, When the Whole Arm 
Participates in the Hyperemia Reaction (N = 3) 
Preischemic blood flow was 10.3 ± 1.1 ml/ 100 g . min, 
maximum blood flow 31.0 ± 2.7 ml/100 g . min, and the 
duration was 1.36 ± 0.2 min. Repayment was almost unchanged 
at 49 ± 6 percent. 
DISCUSSION 
The present results extend previous investigations [5,6,12] 
and confirm the fmding of deteriorating vascular smooth muscle 
function in involved areas in generalized scleroderma. A de-
creasing reactivity towards changes in vascular transmural pres-
sure and changes in arterial perfusion pressure head was ob-
served from hand to fingers and from subcutis to cutis, consis-
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tent with clinical impressions and morphological observations 
of tissue involvement [17]. The fmdings imply that, in advanced 
cases, the amount of blood flow to the finger tips mainly 
depends on the arterial perfusion pressure head due to defective 
autoregulation. As in generalized scleroderma, the arterial per-
fusion pressure in fingers was found decreased to about 75% as 
compared to normals [13], this implies unfavorable working 
conditions for the local control of blood flow. 
A difference between sympathectomized and nonsympathec-
tomized fmgers could not be demonstrated. This observation is 
consistent with the clinical impression that in generalized scle-
roderma sympathectomy has no definite effect on Raynaud's 
phenomena, at least not in advanced cases [17]. These obser-
vations also support the conclusion reached by Lewis and 
Landis [3] that local faults of the blood vessels and not of the 
sympathetic nervous system are of prime importance in the 
development of "vasospasm." 
Distensibility of the cutaneous vascular bed is probably un-
affected by extravascular fibrosis in fingers as in one severely 
affected patient, the flow increase during lowering equaled the 
flow increase found during lowering in a vascular bed made 
passive by papaverine injections indicating that in this patient, 
the blood vessels reacted as completely passive elastic tubes. 
Reactive Hyperemia in Subcutaneous Tissue 
The results of reactive hyperemia experiments paralleled 
previous observations [12] and revealed that the reaction of the 
blood vessels to an ischemic stimulus is depressed also in 
subcutaneous tissue. Maximum blood flow was severely de-



























FIG 9. Postocclusion '""Xenon washout curves. The shape of wash-
out curves from normal fingers changed during decrease in arterial 
perfusion pressure. It was also observed that lowering from 75 to 65 em 
above heart level resulted in a hyperemia reaction. Postocclusion 
washout curves from patients at different skin temperatures resembled 
curves from normal fingers at different degrees of elevation. 
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FIG 10. Values obtained in 3 normals at heart level, and during 
elevation of the arm. Standard errors of the mean are indicated by 
bars. 
creased, but the duration was prolonged accordingly resulting 
in a "repayment" which was not necessarily significantly de-
creased in comparison with normals. 
Reactive Hyperemia in Finger Tips 
From available evidence it is uncertain whether part of the 
blood flowing through arteriovenous anastomoses is measured 
by the washout of 133Xenon [7]. As measured by the 133Xenon 
method, the vascular bed of normal finger tips is actively 
regulated showing pronounced reactive hyperemia and, as evi-
denced by the present study, exhibits autoregulation. Vasocon-
striction due to increase in transmural pressures (i.e., veno-
arteriolar reflex) has also been demonstrated (Kristensen, un-
published observations). 
The results described rest on the fact that 133Xenon washout 
from finger tips follows a monoexponential course. This is 
probably explained in a drainage of effluent blood parallel to 
the skin surface, preventing accumulation in fatty-tissue located 
in the deeper layers [18]. The method seems to be valid even at 
low blood flow values as evidenced by the control experiments 
on patients, where mono exponential washout was also observed. 
In the low blood flow range in normals, small changes in blood 
flow may be difficult to detect, because diffusion of 133Xenon 
through the skin surface obscures these changes. On the other 
hand, at normal ambient temperatures, the loss by diffusion 
amounted to about 20% of the total washout. Loss of 133Xenon 
by diffusion was significantly lower in the patients, but, during 
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warming, this difference almost disappeared. This might indi-
cate an activation of sweat secretion, which seems to be severely 
decreased in the patients at 24°C. 
The patients studied fell in 2 groups, one with a hyperemia 
response and one without. This finding is probably explained 
by the fact that vessels which have attained maximum dilata-
tion cannot dilate further, but flow in this passive vascular bed 
can be increased by an increase in arterial perfusion pressure, 
which is probably the effect of warming. In patients, who 
exhibited hyperemia at 24°C, warming probably also resulted 
in an increase in perfusion pressure causing increased preis-
chemic and maximum blood flow. Maximum blood flow in 
patients never reached normal values, probably indicating that 
even in early cases, an increased minimal vascular resistance 
prevails. 
Results of experiments in normal controls during decrease in 
arterial perfusion pressure head supported this conclusion. The 
observed decrease in preischemic blood flow was of an order of 
magnitude which could not be explained by a decrease in 
perfusion pressure corresponding to the column of blood, but 
can probably be explained by "steal" of blood to arm muscles. 
This steal phenomenon was also observed when the whole arm 
was participating in the reactive hyperemia reaction. The ob-
servations in this situation could easily be explained by a drop 
in finger perfusion pressure during hyperemia. 
The results illustrate the effect of changes in digital artery 
perfusion pressure on blood flow to finger tips. Perfusion pres-
sure may be decreasecl'due to (1) arterial obstruction, (2) "steal" 
phenomena to muscle and skin, and probably, (3) cooling. 
Digital artery constriction at ambient temperatures of 24°C was 
then evident in all the patients investigated, 4 of which, in 
addition, reacted passively to ischemia indicating maximal di-
latation of the peripheral microvasculature. 
Increased digital artery resistance would be consistent with 
previous fmdings indicating a decreased perfusion pressure in 
fingers of patients [13], and with arteriographic findings [19]. 
The results are also consistent with the fmdings of decreased 
digital blood pressure, even in normal fingers, during cooling or 
during norepinephrine infusion in the brachial artery [20]. On 
the other hand, the present fmdings do not support the concept 
of "critical closure" of digital arteries, as the "no flow" situations 
described in normal fingers most probably were dependent on 
"steal phenomena." 
In generalized scleroderma, the walls of the small arteries 
were thickened due to intimal hypertrophy and fibrosis and, as 
a result, the wall to lumen ratio increased [21]. This might 
result in hemodynamic abnormalities like those described, i.e., 
an increased minimal vascular resistance, a steeper increase in 
absolute flow resistance during vasoconstriction, and a higher 
maximum resistance [22]. From the present results it is evident 
that, in generalized scleroderma, digital vascular resistance is 
greatly increased as compared to normals even at ambient 
temperatures of 24°C. In most patients, resistance 'was greatly 
increased even during warming. 
Even a small increase in constrictor activity of vascular 
smooth muscle will create important lumen changes in partly 
stenosed arteries and will with a positive feedback loop to blood 
viscosity maintain vascular stasis. These exaggerated resistance 
increases thus imply a vascular hyperreactivity that does not 
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necessitate any smooth muscle hyperreactivity or _sensitivity 
[22]. Raynaud's phenomenon in generalized scleroderma might 
be dependent on a low pressure vascular bed, where local factor 
in blood flow control is more or less defective. 
The present results imply that vasodilator drugs, which de-
crease systemic blood pressure, are contraindicated in the~e 
patients, while warm environments and an increase in systemIC 
blood pressure would be expected to be of benefit. 
It is suggested that the present experimental method for 
blood flow determination may be used in evaluation of other 
types of Raynaud's phenomena. 
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